We report the first gyrotron-backward-wave-oscillator experiments to produce high power (tube power of -1-8 MW); long-pulse (0.3-1.2 ps) microwaves at high currents (0.1-2 kA) and high voltages (650-750 kV). Experiments were performed in the TE,, fundamental backward-wave mode, with efficiencies of -l%-2%. Mode competition was observed which is believed to originate from the T&t absolute instability.
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We report the first gyrotron-backward-wave-oscillator experiments to produce high power (tube power of -1-8 MW); long-pulse (0.3-1.2 ps) microwaves at high currents (0.1-2 kA) and high voltages (650-750 kV) . Experiments were performed in the TE,, fundamental backward-wave mode, with efficiencies of -l%-2%. Mode competition was observed which is believed to originate from the T&t absolute instability.
Electron cyclotron resonance masers (ECMs) have the potential of producing high power microwaves for many applications such as fusion plasma heating,' bulk material heating,2 and radar. Gyrotron-backward-wave oscillators (gyro-BWOs) make excellent high power devices due to the relative insensitivity to beam velocity spread and beam voltage fluctuations when compared to other electron cyclotron resonance devices like the gyro-traveling-wave tube,3'4 gyrotron,5 and cyclotron autoresonance maser (CARM) .6 This insensitivity to beam velocity spread and voltage fluctuation allows the use of a low quality electron beam generated from explosive emission cathodes used in accelerators which produce gigawatts of e-beam power. Gyro-BWOs have the advantage of being fast-wave devices and employing a simple hollow tube. This leads to the possibility of enhanced power handling capabilities, since a periodic structure 'is not necessary as in conventional backward-wave-oscillator devices. Previous and recent gyro-BWO experiments have concentrated on low current ( < 10 A) and moderate voltage ( < 100 kV) e beams, and have obtained l-10 kW of output power with efficiencies of up to 15%.7- 'o In this article, we report the first gyro-BWO experiments employing a high voltage (600-750 kV), high current ( 150-2000 A), long-pulse (0.5-4 ,us) electron beam.
The experimental configuration is shown in Fig. 1 . The electron beam produced by the Michigan Electron Long Beam Accelerator (MELBA) l1 is emitted from a cotton velvet cathode surface in a uniform magnetic field. The e beam is extracted through a carbon anode, and then adiabatically compressed by the maser solenoidal coils as it propagates towards the interaction region. Experiments utilized either of two anodes. The first anode gave an annular e beam of 150-300 A extracted through 24 holes of 5 mm in diameter drilled on a circle of 2.52 cm radius on a carbon plate. A second type of anode generated a solid e beam of l-2 kA extracted through a 5.1 cm diam hole. The maser solenoidal magnetic field and the smooth interaction tube are designed to excite the TEll fundamental mode backward wave. The maser solenoidal coils, which generate a magnetic field of 3-7 kG, and the diode magnetic field ') coils, with a magnetic field range of 0.4-0.9 kG, are inde-' pendently pulsed to allow control over the e-beam velocity ratio, Q(=u~ /UII . The interaction tube has a radius of 1.93 cm, which sets a TE,, mode cutoff frequency of 4.55 GHz, and a length of 50.5 cm. After exiting the interaction region, the e beam is deflected into the wall of the drift tube by a pair of permanent magnets. The backward wave generated in the interaction region is extracted at the diode end of the experiment by a modified S-band rectangular waveguide antenna, which is cut at a 30" angle relative to the broad wall. The S-band antenna was calibrated with a low power microwave generator signal launched down the tube towards the antenna in a TEll mode; this antenna collects a maximum of about 9%-l 1% of the tube power over the frequency range of 4.5-6.6 GHz. After extraction, the microwave signal travels through a 0.64 cm lucite window and through a waveguide detection system that consists of several different bands of rectangular waveguide and coaxial low pass filters to determine the frequency range of the interaction (G band, f,,=3.15 GHz; J band, j&=4.30 GHz; and H band, f,,=5.27 GHz). The signals are detected by coaxial diode detectors and displayed on fast oscilloscopes. A calorimeter is located at the downstream end of the experiment to-measure the reflected backward-wave energy for comparison to that detected in the waveguide detection system located at the diode end. A copper guiding screen is used to direct the microwaves onto the calorimeter, which is placed 90" off-axis so that the e beam will not strike the calorimeter. The uncoupled dispersion relationI for an electron beam interacting with a waveguide can be obtained by simultaneously solving the waveguide vacuum modes W2-o;-k;c2=0 and the beam cyclotron modes,
where wd) is the cavity cutoff frequency, k, is the axial wave number, c is the speed of light, v, is the axial velocity of the beam, s is the harmonic number (s= 1 is the fundamental mode), and Sn, is the relativistic cyclotron resonance frequency, fl,.=eB/ym where e is the electron charge, B is the magnetic field, y is the relativistic factor, and m is the mass of the electron. antenna, -1.2 MW of tube power. Figure 3 (a) also shows that the emission signal remains within the frequency band throughout the flattop of the voltage pulse, -1.2 ,US in duration.
As the magnetic field is increased, the microwave signal is detected in both frequency ranges, as demonstrated in Fig. 3 (b) (B=6.6 kG) , which shows the microwave data signal lies within 5.3qg6.6 GHz. The peak of the microwave emission corresponds to -550 kW of extracted power (about 5.5 MW of tube power). Based on the data given by Figs. 3 (a) and 3 (b) , and the dispersion relations, the emission signals were determined to be the TE,, fundamental mode gyrotron-backward-wave interaction. The last peak of the microwave data signal in the bottom trace of Fig. 3(b) has a frequency range of 6.6~&8 GHz, and could be the T&, fundamental mode absolute instability (as shown in Fig. 2 ) competing with the fundamental TE, 1 gyrotron-backward-wave interaction. Also observed (but not shown) in the solid beam experiments was shortpulsed, spiky emission believed to originate from the TE, 1 second harmonic gyrotron backward wave, with the extracted power approximately 10 kW, less than a tenth of that seen for the fundamental TE,, mode. Proof that the interaction is the TEI1 fundamental backward-wave interaction is demonstrated in two ways. The first is that the emission frequency is shown to be less than that of the cyclotron resonance frequency (&./27r) for both the solid and annular e beams, as shown in Fig. 4 . The solid line in Fig. 4(a) emission frequency equal to the cyclotron resonance frequency (f,=&./2~). Note that all the measured frequencies lie below this line and thus the interaction is the backward wave. For the annular beam, the value of a has been determined from both Cerenkov emission and radiation darkening of a glass plate,13 and from the EGUN code,14 and is determined to lie between 0.5 and 0.7. For the solid e beam, the spread in alpha is obtained from the EGUN code and is large, from 0.05 to 0.7. The second way to demonstrate the existence of the backward wave is that the frequency of interaction increases as the magnetic field increases, as shown in Figs. 3 (a), 3 (b) , and 4. Figure 5 shows a summary of the annular and solid beam data. The solid beam provided the highest extracted powers (300-800 kW), typically five to ten times higher than that of the annular beam ( 10-80 kW) with similar e beam and magnetic field parameters. The solid e beam is expected to couple more strongly to the TE,, mode which has a peak of the electric field on-axis. For the annular beam, higher extracted powers (depicted by open circular data points in Fig. 5 ) were obtained for higher electron beam voltages (850-950 kV) corresponding to the initial overshoot of the voltage pulse. This increased energy with the annular beam is due to the electrons having more perpendicular energy at higher beam voltages to amplify the electromagnetic waves. Based on the value of Ibeam for the solid and annular e beams, the efficiencies are determined to be approximately the same (about l%-2% electronic efficiency), demonstrating the gyro-BWO is insensitive to the e-beam energy spread. The relatively low efficiency may be due to the low a and space-charge limiting effects, or reabsorption of microwave power in the tube region. Saturation effects at high currents have been previously observed in Russian gyrotron experiments. "
Tube power estimates obtained from the S-band antenna were consistent with those obtained from the calo-rimeter. Power estimates from the calorimeter (although the calorimeter data showed large fluctuation) were 7.9 MW (with a standard deviation of 3.4 MW) for the solid beam. This estimate was obtained by averaging calorimetry signals for all shots, at all magnetic fields which produced microwave signals on the diode detectors. The calorimeter data also showed the same general trend (increasing or decreasing) as the diode detector signals. The tube power not extracted by the S-band antenna was mostly absorbed by the calorimeter.
In summary, the gyro-BWO has been shown to produce high power (tube power of m l-8 MW), long-pulse (0.3-1.2 ps) microwaves at high currents (0.1-2 kA) and high voltages (650-750 kV) in the TE,, fundamental backward-wave mode, with efficiencies of about l-2%. Also observed was possible mode competition from the T&r absolute instability, and short-pulse emission believed to originate from the TE,, second harmonic backwardwave interaction.
